Plasmids confer resistance to many toxic metal and metalloid ions, including those of antimony, arsenic, bismuth, boron, cadmium, cobalt, lead, mercury, nickel, silver, tellurium, and zinc (6, 9, 12, 14, 16, 17) . Plasmid-specified chromate resistance has been reported for both Streptococcus lactis (7) and Pseudomonas aeruginosa (18) . In each case, the plasmid-bearing strain is approximately 10-fold more resistant to chromate than is the plasmidless strain.
Analyses of sediments from the upper Hudson River in New York State have indicated that very high chromium concentrations may exist in some locations (unpublished data). Substantial bacterial populations reside in these sediments even though the amount of chromium present as chromate might be expected to inhibit bacterial growth (10, 13, 15) . Chromate-resistant (Crr) strains of bacteria were isolated from these chromium-contaminated river sediments, and the basis of the chromate resistance of the strains was investigated.
(This research was conducted by L.H.B. in partial fulfillment of the requirements for the Ph.D. degree from Rensselaer Polytechnic Institute.)
MATERIALS AND METHODS Bacterial strins and cultivation condtions. The strains used in this study, their relevant characteristics, and their origins are listed in Table 1 .
Vogel-Bonner (VB) broth was prepared by aseptically mixing 10 ml of VB concentrate, 10 ml of a 25%
(wt/vol) 1-glucose solution, and 480 ml of distilled water (all previously sterilized). For agar medium, 7 .5 g of Bacto-Agar (Difco Laboratories) was added to the distilled water before autoclaving. VB Electrophoresis of plasmid DNA was performed in horizontal 0.7% (wtlvol) agarose slab gels (13 by 12 by 0.3 cm), using E buffer (40 mM Tris-hydrochloride, 50 mM sodium acetate, 1 mM EDTA; pH 8.0). Gels were run for about 3 h at 60 V (measured across the resolving gel), stained for 30 min with ethidium bromide (5 pg/ml), and photographed while illuminated from below with a 260-nm UV light source.
Muta_eneis and eect of auotop. Mutagenesis was with N-methyl-N'-nitro-N-nitrosoguanidine under conditions such that 95 to 99% of the exposed cells were killed. Single colonies of the surviving populations were grown on N agar with K2CrO4 and then replica plated onto VB agar plates containing K2CrO4 . All colonies which grew on N agar with chromate but not on VB agar with chromate were screened for mutation identification, using amino acidvitamin-nucleotide crisscross pools.
Conjuation, transformation, and moilition. Solid-surface matings were done in a soft (0.6% [wt/vol] agar) L-agar overlay on basal (1.5% [wt/vol] agar) Lagar plates. Donor and recipient cells were grown as previously described (1) . Equal volumes of each strain were suspended in molten (45°C) soft agar and poured onto a basal L-agar plate. Incubation was at 300C for 6 h. After incubation, part of the soft agar (containing the cells) was transferred with a sterile spatula to a minimal volume of sterile 0.15 M NaCl and mixed by vortexing. The resultant suspension was plated on appropriate selective medium and incubated at a temperature optimal for growth of the recipient strain.
Transformation of recipient strains with purified plasmid DNA was essentially as described by Chakrabarty et al. (3) .
Mobilization of the chromate resistance plasmid was attempted using the broad-host-range, antibiotic resistance plasmid RP4 and RP4::Tnl861, a derivative of RP4 containing a mercury resistance transposon (8) . These plasmids were placed within chromate-resistant strains by either conjugation or transformation, as described above. Mobilization experiments involved solid-surface mating of strains with appropriate recipients, followed by selection for simultaneous transfer of either antibiotic and chromate resistance or antibiotic, chromate, and mercury resistances.
Curing. Chromate-resistant strains were cured either by treatment with mitomycin C (1) or by growth for several generations without selection for chromate resistance. In the latter case, a 1% (vol/vol) inoculum of cells grown with chromate was placed in L broth and grown overnight at 30°C with shaking. After 24 h the culture had reached a density of about 1010 cells per ml. A 1% (vol/vol) inoculum from this culture was then used to inoculate fresh L broth, and the culture was incubated as described above. This inoculation and overnight growth cycle was repeated five times without chromate. The resulting cells were then diluted and plated on N agar at a density such that 50 to 100 colonies per plate arose. Single colonies were spotted onto VB agar containing 250 ,ug of K2CrO4 per ml, VB agar without chromate, and N agar without chromate. 5 ,ug/ml resulted in the loss of the Crr phenotype in 99%o of the colonies of strain LB300 tested. Several CrP single colonies derived by mitomycin C treatment were checked for reversion to the Cr' phenotype, but the frequency in every case was below the limits of detection.
Physical characterization of plasmids. The plasmid DNA isolation and purification procedure described above was used on chromateresistant P. fluorescens LB300 and on its chromate-sensitive derivative, LB303. An intense plasmid band was observed in the cesium chloride-ethidium bromide buoyant density gradient for the Crr strain, but only one band was seen in the gradient for the Crs strain. All bands were collected, and the DNA was analyzed by agarose gel electrophoresis. Several plasmid bands were present in the presumptive plasmid fraction from the chromate-resistant strain. However, repeated analysis of the DNA extracted from the chromate-sensitive variant, LB303, revealed no plasmids.
Electron micrographs of plasmid DNA isolated from chromate-resistant strain LB300 showed 10.8-, 21.7-, and 27.9-,um circles (Table  2) .
Genetic properties of plasmid associated with chromate resistance. Attempts were made to transform the chromate-sensitive, plasmidless segregant (LB303) derived from Crr strain LB300, as well as strains of Pseudomonas putida and Escherichia coli (which had proven to (Table 3) indicated that the Cr' phenotype could readily be transferred by conjugation to both LB303 (the Cr8 segregant of Crr strain LB300) and E. coli AC80, but not to any of the other strains tested.
Mobilization of chromate resistance by RP4, which is known to mobilize some nontransmissi- Transposon-mediated transfer of the Crf plasmid was attempted with LB318, an E. coli strain containing both RP4::Tnl861 (Table 1) and pLHB1, as the donor and a plasmidless Crs segregant ofP. fluorescens, LB303, as the recipient. Transconjugants were recoyered from this mating which had simultaneously acquired antibiotic, mercury, and chromate resistances, but which had no amino acid requirements (Table 3) .
Screening for additional plasmid-specified characteriic. The plasmid-bearing, chromateresistant P. fluorescens strain, LB300, and its plasmidless, chromate-sensitive variant, LB303, were screened in parallel for differences in their resistance to the following metal and metalloid compounds and antibiotics: Na2B407, NaBO3, NaBO2, K2CrO4, K2Cr2O7, CoCl2, NiSO4, CUSO4, ZnSO4, NaAsO2, Na2HAs04, Na2MoO4, AgNO3, CdSO4, SnCl2, Na2TeO3, BaCl2, HgCl2, and Pb(N03)2 and amikacin, carbenicillin, chloramphenicol, cloxacillin, colistin, gentamicin, kanamycin, rifampin, streptomycin, sulfadiazine, tetracycline, and tobramycin. In addition, both strains were screened for their ability to use m-toluate, salicylate, and xylenes as the sole sources of carbon and energy. The plasmid-bearing strain was found to be much more resistant to chromate and slightly more resistant to dichromate than was the plasmidless segregant. Further experiments showed that these differences were approximately 200-and 2-fold, respectively. No other resistance markers were identified. Neither strain was capable of growth with m-toluate, salicylate, or xylenes as the sole source of carbon and energy.
DISCUSSION
The chromate-resistant strain of P. fluorescens (LB300) isolated from the Hudson River for this study was found to be 40-to 200-fold more resistant to chromate than were either pseudomonads taken from other environments or other bacteria taken from the same environment.
Since resistance in bacteria to many toxic metal and metalloid ions (6, 9, 12, 14, 16, 17) and to chromate in particular (7, 18 ) is known to be conferred by plasmids, we suspected that this strain might harbor a chromate resistance plasmid.
The following results indicate that chromate resistance is probably plasmid associated in strain LB300. First, chromate-sensitive variants arose at a frequency of 10-2 after growth without selection for chromate resistance for five overnight growth cycles. Second, curing with mitomycin C resulted in the loss of chromate resistance in more than 99%o of the single colonies examined. Finally, plasmid DNA was successfully isolated from strain LB300 but not from its Crs variant, LB303. Agarose gel electrophoresis of the plasmid DNA isolated from Crf strain LB300 revealed several plasmid bands. Three different size classes of plasmid (10.8, 21.7, and 27.9 ,um) were subsequently identified by electron microscopy. The role of these plasmids in chromate resistance was deduced from the observations that (i) repeated attempts to isolate plasmid DNA from a Crs variant of Crr strain LB300 were unsuccessful (this variant also could not be shown to revert to the Crr phenotype) and (ii) when this apparently plasmidless strain was transformed with plasmid DNA from Crf P. fluorescens LB300, the transformants not only had chromate resistance characteristics identical to those of the donor strain but also had multiple plasmid bands corresponding in size to those of the original Crr strain. The acquisition of multiple plasmids during a single transformation suggests that the different plasmids are actually multimeric forms of the same plasmid and that the monomeric unit is 10.8 ,um in size.
Further evidence from experiments with E. coli supports this interpretation. When E. coli AC80, a plasmidless, chromate-sensitive strain, was mated with Crf derivatives of P. fluorescens LB300, a Crf E. coli transconjugant, LB317, resulted. This strain was examined for the presence of plasmid DNA. A single 10.7-,um plasmid species was isolated (Table 2) . No other plasmid species was identified in strain LB317. This evidence shows that the 10.8-,um plasmid was transferred to E. coli by conjugation but suggests that, unlike in P. fluorescens LB300, multimers cannot form in this strain. It is interesting that the degree of chromate resistance of Crf E. coli LB317 is only 40-fold greater than that of the corresponding plasmidless strain (AC80), whereas the P. fluorescens plasmid-bearing strain (LB300) is 200-fold more resistant to chromate than is its plasmidless counterpart (LB303). The presence of multimers in LB300 may result in a gene dosage effect and account for the difference in the degree of resistance that the plasmid affords to P.fluorescens and E. coli.
The experimental results described above indicate that pLHB1 has very restricted transmissibility. Transfer by conjugation was only successful with the Crs P. fluorescens segregant J. BACTrERIOL.
on October 19, 2017 by guest http://jb.asm.org/ Downloaded from (LB303) and Crs E. coli AC80 as recipients and P.fluorescens strains as donors. Matings involving LB317 as the donor (E. coli AC80 containing pLHB1) were unsuccessful. Also, matings between RP4+-, pLHBl+-carrying strains of P. fluorescens and a variety of recipients showed that RP4 could be transferred at high frequency but that there was no cotransfer of RP4 and pLHB1. The fact that RP4 could be transferred to many of these recipients demonstrated that failure to mobilize pLHB1 was not due to restriction by the recipients of foreign DNA originating in the Crr P. fluorescens donors. Since transmission of nonconjugative plasmids can be mediated by transposons (4), an attempt was also made to mobilize pLHB1 with a derivative of RP4 containing a transposon. The results of this experiment indicated that transmission of pLHB1 is indeed promoted by RP4::Tnl861.
Further investigation is under way to more fully elucidate the nature of this unique chromate resistance factor and its effects on the host.
